We successfully demonstrate surface enhanced infrared spectroscopy (SEIRS) using arrays of indium-tin oxide (ITO) plasmonic nanoantennas. The ITO antennas show a strongly reduced plasmon wavelength, which holds promise for ultracompact antenna arrays and extremely subwavelength metamaterials. The strong plasmon confinement and reduced antenna cross section allows ITO antennas to be integrated at extremely high densities with no loss in performance due to long-range transverse interactions.
ductors,
5 metal oxides, nitrides, 6,7 and graphene-like two-dimensional materials. 8 Next to conventional applications in the visible and near-infrared spectral range, some of these materials target the mid infrared and terahertz domains, with applications in e.g. chemical sensing and security. The performance of various materials has been critically evaluated in a number of theoretical and experimental studies. 3, 6, 7 Metal oxides are technologically highly important materials with many applications including oxide electronics, 9,10 solar cells, 11 chemical sensors 12, 13 and catalysis. 13, 14 Transparent conducting oxides (TCOs) are large bandgap dielectrics with a density of free carriers in between that of doped semiconductors and noble metals. Despite investigations of the plas-monic response of metal oxides, 7, [15] [16] [17] [18] [19] [20] their performance in plasmon enhanced spectroscopy is yet unknown. Here we show that arrays of indium-tin oxide (ITO) plasmonic nanoantennas are highly suitable for surface enhanced infrared spectroscopy (SEIRS). SEIRS is a spectroscopic technique used to identify molecular fingerprints by resonant detection of infrared vibrational modes through coupling with the plasmonic modes of an antenna. 1, [21] [22] [23] [24] [25] [26] [27] [28] [29] Most SEIRS studies so far have used the noble metals Au and Ag as these have been shown to produce strong SEIRS signatures with monolayer sensitivity. The combination of label-free infrared spectroscopy with the versatility of doped metal oxides has the potential of opening up new applications in sensing and spectroscopy, for example as multifunctional transparent electrodes, catalysts, or electrically or optically controllable plasmonic devices. 30 , 31 As we show here, oxide plasmonics provides a promising new platform for SEIRS with complementarity to and some advantages over their noble metal counterparts.
The optical response of TCOs can be described well using the Drude model for free electrons and is characterized by a dielectric behavior in the visible with a transition to metallic behavior in the infrared. 15, 32 The density of free electrons can be controlled by adding electron donor dopants, and depends on material processing conditions. The value for the plasmon frequency was considered more accurate than the Hall measurement and was used in further analysis.
Infrared spectra were measured in transmission using a Jasco FTIR-4200 with a liquidnitrogen-cooled mercury cadmium telluride detector, with the polarization set along the long axis of the nanoantennas. Each measurement was averaged over 100 scans and the CaF 2 substrate was used as a reference. The references and the array spectra were collected with a resolution of 16 cm −1 . For the SEIRS experiment, an approx. 50 nm thin layer of PMMA 495 A2 was spincoated onto the ITO and gold antenna substrates at 5000 rpm for 45 s and then baked at 180 degrees for 70 s. FTIR measurements were taken directly after the thin PMMA film was deposited. Compared to single antennas, the Au arrays of this study show a significant blue shift, which can be attributed to the transverse coupling of antennas in the array. 34 Transverse coupling strongly limits the integration density that can be achieved for Au antennas. 22, 25, 26, 34, 35 Compared to Au, the spectral resonance positions for ITO antenna arrays in Figure Here, we investigate the resonance quality factor Q tot , which characterizes the decay of the plasmon mode due to nonradiative and radiative damping.
Similar to previous nanoparticle linewidth studies, 36 we use the half-maximum width at the low frequency side of the resonances, which is not affected by higher order modes, to determine the quality factor. Figure 2c and with n e the electron density, V the nanoantenna volume and c the speed of light. The high electron density of Au results in a strong radiation damping (dash-dotted line in Fig. 2c ), which contributes significantly to Q tot . In comparison, the much lower electron density of ITO compared to Au, combined with the shorter resonance length of the antenna, results in a strong suppression of the radiation damping, and thus a high Q R (dash-dotted line in We analyzed the 'fingerprint contrast' ∆C, 26 defined as the dip-to-peak transmission change between the lowest and highest transmission for a vibrational mode as indicated for a typical mode in Figure 3 . Similar to the SEIRS transmission spectra, ∆C has the unit of % transmission. Results are shown in Fig. 4a ,b for the strongest vibrational mode around 1720 cm
and for the three different types of Au (a) and ITO (b) arrays under study. As predicted by previous theoretical studies, 26 the SEIRS response shows a shift of the resonance condition compared to the far-field extinction measured at the same frequency (black diamonds). This typical behavior could also be observed in the spectra of Fig. 1 and is a clear demonstration of the fact that the SEIRS enhancement is proportional to the near-field resonance of the antenna. The near-field resonance is redshifted compared to the far-field extinction, 26, 41, 42 and thus the SEIRS resonance occurs for shorter antennas both for the cases of Au and ITO.
The effect of array density on the SEIRS response confirms our interpretation of the farfield extinction, namely, that the long-range transverse coupling strongly affects the response of the Au antenna array. The maximum SEIRS signal for Au is reduced for the s = 300 nm compared to the s = 600 nm arrays, even though the antenna density is increased. In comparison, the signal strength for ITO is increased by a factor two upon reducing the spacing, in agreement with the increase in area fraction (see Supporting Information Figure   S5 ). High density integration of ITO antennas thus improves the overall response. The SEIRS response for the Au antennas is partially recovered by pairing the rods into dimer antennas, which is attributed to the larger field enhancement associated with the plasmonic hot spot in the antenna gap. We note that the obtained values are of the same order as the 8% contrast predicted for PMMA using a single Au nanorod antenna of similar dimensions. with maximum E 2 values at the antenna surface reaching up to around 400 (cf. Fig. 5a ).
In comparison, Au nanorods show intensity enhancements of up to 2000, 21, 22 however such values generally cannot be achieved in high density arrays.
34,35
To further assess the effect of antenna coupling in high density ITO and Au arrays for field enhanced spectroscopy, we calculated the near field response of a realistic antenna on substrate geometry using a finite element model (COMSOL). Single-particle scattering and absorption cross sections are shown in Figure 6a ,b for isolated Au (L = 1.5 µm, a) and ITO (L = 0.75 µm, b) rods. While the absorption cross sections are similar for both rods, the scattering efficiency of the ITO is strongly reduced. The reduced scattering cross section of the ITO nanorod is in qualitative agreement with the analytical model for radiation damping (cf. Fig. 2d) . Next, the antenna coupling was taken into account by adding periodic boundary conditions, where the size of the unit cell was varied according to the spacing parameter s.
In order to estimate the integrated SEIRS response over the array, the square of the local electric field was averaged over a plane positioned 20 nm above the substrate. Figure 6c and d show the resulting enhancement, normalized to the incident intensity, for a range of parameters L and s. For the Au, we see two regimes of large enhancement, corresponding to far-field diffractive coupling at large s and near-field interaction for small s. 35 The nearfield coupling is associated with a strong shift of the resonance to shorter antenna lengths L. The calculation for Au antennas shows that reducing the spacing from s = 600 nm to s = 300 nm results in lower enhancement, as observed in experiments. The ITO antennas show a monotonous increase of the resonant intensity enhancement with reduced spacing.
Only for spacings s below 300 nm a spectral shift is observed attributed to near-field coupling.
The numerical simulations predict that the SEIRS enhancement can be further enhanced for spacings less than 300 nm. In an attempt to achieve this regime of strong near-field interaction, we modified our e-beam fabrication to a 3-layer process, including a thin Si layer to limit the underetching of the PMMA resist. humidity, temperature) and will require more detailed studies.
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In conclusion, we have demonstrated that high density arrays of ITO antennas are very suitable for applications in surface enhanced infrared spectroscopy. While the plasmonic field enhancement by an individual ITO antenna is less strong than that of an equivalent Au antenna, the ITO antennas are found to be less sensitive to long-range transverse coupling, which allows their integration into ultracompact nanoantenna arrays or extremely subwavelength metamaterials. The weak interactions for ITO antennas will provide an in- coatings, and catalysts. The possibility, by nanostructuring, to design resonant antennas at high density will allow including a plasmon-enhanced spectroscopic functionality in these types of applications. A particularly exciting prospect is the possibility for oxide plasmonics to be integrated with oxide nanoelectronics in order to achieve active plasmonic, transistortype devices for tunable infrared sensors and for electronic-photonic integrated circuits. 
